We analyze interferometric synthetic aperture radar (InSAR) data acquired between 2004 and 2014, by the ERS-2, Envisat, ALOS and TerraSAR-X/TanDEM-X satellite missions to measure and characterize time-dependent deformation at the Brady Hot Springs geothermal field in western Nevada due to extraction of fluids. The long axis of the ∼4 km by ∼1.5 km elliptical subsiding area coincides with the strike of the dominant normal fault system at Brady. Within this bowl of subsidence, the interference pattern shows several smaller features with length scales of the order of ∼1 km. This signature occurs consistently in all of the well-correlated interferometric pairs spanning several months. Results from inverse modeling suggest that the deformation is a result of volumetric contraction in shallow units, no deeper than 600 m, likely associated with damaged regions where fault segments mechanically interact. Such damaged zones are expected to extend downward along steeply dipping fault planes, providing a high permeability conduit to the production wells. Using time series analysis, we test the hypothesis that geothermal production drives the observed deformation. We find a good correlation between the observed deformation rate and the rate of production in the shallow wells. We also explore mechanisms that could potentially cause the observed deformation, including thermal contraction of rock, decline in pore pressure and dissolution of minerals over time.
Time-series analysis of surface deformation at Brady Hot Springs geothermal field (Nevada) using interferometric synthetic aperture radar Faulds et al. (2010) and surface hydrothermal activity is from Coolbaugh et al. (2004) . Injection wells are shown by blue triangles and producing wells are shown by red triangles. Fiducial crosses indicate 1000-meter grid in easting and northing of the Universal Transverse Mercator (UTM) projection (Zone 11). The TSX interferogram in the background shows wrapped phase change values over the 308-day interval from December 24, 2011 to October 27, 2012. One colored fringe corresponds to one cycle of phase change, or 16 mm of range change. The dotted and dashed grey line delimits the broad deforming zone described in Section 2.1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Withdrawal of fluids from the subsurface can cause deformation through a number of processes, including thermal contraction of rock, change in pore pressure, and dissolution/alteration of minerals. At the surface, this deformation can be measured using interferometric synthetic aperture radar (InSAR). InSAR uses the phase difference between two SAR images, acquired at two different points in time (epochs), to create an interferogram (e.g., Massonnet and Feigl, 1998) . The resulting map of ambiguous wrapped phase contains information about ground deformation, topography, and atmospheric changes. After correcting the interferogram for topography, an unwrapping algorithm is used to estimate the range change along the line of sight. By analyzing the pattern of deformation, we can gain insight into the underlying geomechanical processes and the plumbing of the reservoir which can aid the operator to better manage the geothermal resource. This approach has been used to study deformation at several geothermal fields, including, Cerro Prieto, Mexico (Carnec and Fabriol, 1999, Sarychikhina et al., 2007) , Coso, California (Fialko and Simons, 2000, Wicks et al., 2001) , Dixie Valley, Nevada (Foxall and Vasco, 2003) , Brady, Nevada (Oppliger et al., 2004 , Oppliger et al., 2006 , Shevenell et al., 2012 ), Taupo Volcanic Zone, New Zealand (Chang et al., 2005 , Hole et al., 2007 , Svartsengi, Iceland (Jonsson, 2009 , Masters, 2011 ), Imperial Valley, California (Eneva et al., 2009 , Eneva et al., 2012 , San Emidio, Nevada (Eneva et al., 2011) and The Geysers, California (Vasco et al., 2013) . Most of these studies show rates of deformation that remain fairly constant over time scales of years. At Brady, Oppliger et al., 2004 , Oppliger et al., 2006 InSAR to map deformation resulting from geothermal production between 1997 and 2002, using images acquired by the C-band radar aboard the ERS satellite of the European Space Agency (ESA), and interpreted the cm-scale signal in terms of a contracting aquifer. In this study, we use multiple images acquired between 2004 and 2014 by several satellite missions, including ERS-2, Envisat, ALOS, TerraSAR-X (TSX) and TanDEM-X (TDX), to measure and characterize the time-dependent deformation at Brady.
Data and methods

SAR interferometry
We analyze 139 SAR images acquired by the ERS-2, Envisat (McLeod et al., 1998) , ALOS (Igarashi, 2001) , TSX (Pitz and Miller, 2010) and TDX (Krieger et al., 2007) satellite missions between 2004 and 2014 and combine them to form 354 distinct interferometric pairs (Table S1 ). To generate interferograms from ERS-2, Envisat, and ALOS data, we use GMTSAR, an open-source code developed by Sandwell et al. (2011) . For the TSX and TDX data, we generate interferograms using the DIAPASON software developed by the French Space Agency CNES Rabaute, 1993, Massonnet and Feigl, 1998) . The topographic contribution to the interferograms created in DIAPASON is removed using a digital elevation model (DEM) with 10 m posting from the National Elevation Dataset (Gesch et al., 2002) . For interferograms processed with GMTSAR, we use a DEM with 1 arc-second posting from the Shuttle Radar Topographic Mission (Farr et al., 2007) . wrapped phase values have been filtered using their two dimensional spectra (Goldstein and Werner, 1998) . The spatial pattern of the deformation is aligned parallel to the north-northeast strike of predominant fault system, including the 4-km-long Brady normal fault, and the trend of the associated fumaroles. The interferogram shows several signatures of varying dimension. For example, a broad, elliptically shaped area roughly 4 km long by 1.5 km wide (outlined by the dotted and dashed grey line), that is consistent with earlier observations (Oppliger et al., 2004 , Oppliger et al., 2006 . Within this broad bowl, we observe several smaller elliptical features, with length scales ranging from 1 to 2 km. The major axes of each of these subsidence bowls trend NNE, following the bending trace of the normal fault strands (black lines in Fig. 1 ). The smaller bowls are centered along strike, but more than 0.5 km away from the two injection wells in the northeast part of the field. Similarly, the larger bowl is centered approximately ∼1 km along strike from the producing wells in the southwest part of the field. These signatures are consistently observed in all interferograms spanning more than a year (Fig. S1 ). Pairs spanning less than year show only the short scale features that abut the producing and injection wells. Using pairwise logic (Massonnet and Feigl, 1995) , we reject the possibility that the observed signatures are due to imprecise orbital trajectories or atmospheric perturbations.
Inverse modeling
To gain insight into the sources causing the deformation observed in the interferograms, we perform non-linear inverse modeling using unwrapped range change rate as the observable quantity. To unwrap the phase values, we use the statistical-cost, networkflow phase-unwrapping algorithm developed by Chen and Zebker (2001) . Following unwrapping, we account for any unmodeled effects in the satellite orbits by estimating three parameters describing a planar ramp and subtracting it from the range values across the entire scene. Finally, we calculate the range change rate in millimeters per year.
To describe the signatures in the interferograms, we use an elastic model where observed deformation is attributed to change in volume at depth. We model the reservoirs using a combination of mode-I, tensile dislocations in rectangular prisms, embedded in a halfspace with uniform elastic material properties (Okada, 1985) . The tensile dislocating sources are especially appropriate because the thickness of an aquifer or reservoir is usually smaller than its length or width. By estimating the parameters in this idealized model, we can gain insight into the geometry and location of the reservoir, e.g., its extent and depth. The estimated volume change in the model that fits the surface deformation is presumably due to injection and/or extraction of fluids, as discussed above. To solve the inverse problem, we use an iterative, gradient based inversion scheme that uses a Taylor series to approximate the fitting function (Ali and Feigl, 2012) . The inversion procedure minimizes the L1 norm of the residual between the observed and modeled values of the range change, averaged over all points in the dataset. Uncertainties are calculated using the bootstrapping procedure (Efron and Tibshirani, 1986) described in Ali et al. (2014) .
Since the rate of hot fluid withdrawal exceeds the rate of injection, the resulting total is net extraction that decreases the volume of the reservoir. Our mechanical model includes four tensile dislocating sources. The free parameters for each source include position, geometry (i.e., length, width, dip, and strike) and the opening, which is positive for an expanding source and negative for a contracting source. In addition, we estimate a nuisance parameter that accounts for systematic offsets in range change rate as an additive constant. First, we perform inversion using the stack (average) of all the maps of range change rate, in each track, in order to estimate the geometrical parameters.
This procedure improves the signal-to-noise ratio as random noise will average to zero.
For example, Fig. 2shows the stacked range change rate, in mm/year, averaged for all successful TSX/TDX pairs in Track 53, the modeled range change calculated using the final estimate of parameters, following the inversion, and the residual difference between the stacked and the modeled rates of range change. During inversion, the cost, defined as the L1 misfit of the range change rate, averaged over all pixels, decreases to less than 1 mm/year. The main features, such as the elliptical lobes near production wells in the south, and near the injection wells, are reproduced by the model.
The estimated parameters are listed in Table 1 along with their bootstrap uncertainties.
In the second step, we fix the geometry of all four sources and perform inversion for each individual pair in the track to estimate the opening parameter for each individual source, along with the nuisance parameter. For example, Fig. 3 shows the results for a single pair in Track 53, spanning the 363-day interval from May 13, 2013 to May 11, 2014. For this pair the final cost is 2.2 mm.
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Time-series analysis
In order to evaluate the time dependence, we perform time-series analysis using temporal adjustment. This procedure converts the rate of volume change estimated over individual interferometric pairs spanning different time intervals into the integrated volume at each point in time (e.g., Schmidt and Bürgmann, 2003 , Feigl and Thurber, 2009 , Feigl et al., 2014 . To do so, we use the GraphTreeTA method of temporal adjustment (Baluyut et al., 2015unpublished manuscript) Because the rate of volume change is not constant (Fig. 4) To gain more insight into the processes, we compare the InSAR derived time series to the flow rates in various producing wells that were active between 2004 and 2014, along with the time series estimated from InSAR. While these are two different quantities, i.e., the measured volume of water extracted versus decrease in the modeled volume of the reservoir, it can tell us if the deformation is being preferentially caused by certain wells or a group of wells. We do the comparison by calculating the correlation coefficient R between the two quantities.
We find good correlation between the volume change estimated from InSAR analysis and the production in shallow wells. Specifically, the strongest correlations occur in three cases, i.e., (i) wells 48A-1, 47C-1 and 46-1 summed together (R = 0.9954), (ii) well 48A-1 (R = 0.9936), and (iii) well 47C-1 (R = 0.9830). In each of these three cases, we find that the rate of production decreases with time, as does the rate of volumetric decrease as estimated from InSAR data. On the other hand, we find that the rate of production in deeper wells, i.e., wells 82A-11, 27-1 and 18-1, both individually and together, increases over time. This mismatch is reflected in the relatively low values (R ≤ 0.9548) of the correlation coefficient. This result suggests that that the deformation is likely being caused by wells 48A-1, 46-1 and 47C-1, given their close proximity.
Discussion
Subsidence due to geothermal production can be caused by a number of processes, including: (i) gradual thermal cooling of reservoir, especially near injection wells, that recycle the cooler brine back into the subsurface, (ii) sediment compaction due to decreasing pore pressure and desaturation, and (iii) dissolution and transport of minerals in the flowing brine.
The temperature of produced fluids at geothermal fields decreases slowly over time.
Subsidence, however, depends on the volume of rock that is cooled. If we assume that the thermal energy gained by the water equals the energy lost by the rock, we have,
where c is the specific heat capacity, ρ is the density, V is the volume, and T is the (Fig. 4) . If the assumptions in this simple model are correct then we infer that shallow contracting sources, which presumably have a higher fracture density and therefore can cool faster than the rest of the reservoir, provide more than half of the energy. Any contraction in the larger, deeper reservoir, tapped by wells 82A-11, 27-1, and 18-1, is likely to result in a subsidence signature that is too broad to be observed in the InSAR pairs spanning less than 2 years.
Another possible explanation for the observed deformation involves compacting sediments in multiple, laterally separated zones, likely associated with faults. Such zones, potentially comprising anomalously soft, highly porous compressible sediments (e.g., expansive clays), could deform due to decrease in pore pressure, following steady decline in the water table, as fluids are extracted for geothermal production. Declining pore pressure has been suggested as a plausible mechanism for subsidence at a number of geothermal fields, e.g., those in the Taupo Volcanic Zone in New Zealand Zhan, 2000, Bromley et al., 2009) . At Brady, precise measurements of water levels near the production wells over the 2004-2014 interval are not available. Because the depth of the shallowest producing well is ∼400 m, the maximum drop in water level that is theoretically possible, following the start of production in 1992, is 400 m or ∼18 m per year. If this indeed is the case, then the compaction due to the concomitant increase in effective stress can be estimated from the 1-dimensional settlement equation (Terzaghi and Peck, 1968) : (4)δc=Cc1+e0Hlogσzf′σz0′ where δc is the displacement by settlement, Cc is the compression index, e0 is the initial void ratio, H is the thickness of the compacting layer, and σzf′ and σz0′ are the final A third possibility is that the reinjected cold water dissolves minerals, as the equilibrium between fluids and reactive minerals is disturbed (e. g., Glassley, 2011 , Akin, 2012 , and transports them through the producing wells. Mass loss associated with hydrothermal alteration has been suggested as the cause for long-term subsidence at Rotokawa geothermal field in New Zealand (Powell, 2011) . At Brady, core samples from well BCH-3 indicate the presence of an argillic alteration zone that extends to a depth of 600 m (Lutz et al., 2011) . Assuming a dissolved-solids concentration of 0.25% (the average value for fluids at Brady), rock density of 2500 kg/m 3 , and net extraction rate of 200 liter/second, we estimate the rate of mass loss to be ∼0.2 liter/second, which is much lower than the rate estimated from modeling of InSAR data. Also, this rate is an upper bound as it requires that all of the solids dissolved in the produced water originate in the same locations as the sources causing the subsidence.
Irrespective of the mechanism of deformation, the InSAR observations indicate a connection between the shallow subsurface and the production wells at Brady. Accordingly, we infer that highly permeable conduits along faults channel fluids to the reservoir tapped by the production wells. In contrast, Desert Peak, a blind geothermal field, located less than 7 km away from Brady, shows little or no deformation in the InSAR dataset, although the two fields are otherwise similar in spatial extent, structural setting, and geothermal production. Desert Peak exhibits neither hydrothermal features nor any evidence of recent surficial fault slip, however, suggesting that the plumbing associated with the fault system there is deeper and more isolated from the surface than at Brady. Feigl et al., 2014 
